One of the central points of the recently proposed ekpyrotic cosmological scenario based on Hoȓava-Witten theory is that we live on a negative tension brane. However, the tension of the visible brane in HW theory is positive. To improve the ekpyrotic scenario one should change the signs of the brane tensions as well as other parameters. We show that the mechanism for the generation of density perturbations in this scenario is not brane-specific and give several examples of this mechanism in terms of the theory of tachyonic preheating. The spectrum of perturbations can be flat, red, or blue, depending on the choice of the bulk brane potential. However, to make this mechanism realistic one must solve the problem of the negative cosmological constant on the visible brane and fine-tune the bulk brane potential with an accuracy of 10 −50 . If this mechanism can be made to work, then, unlike inflation, it exponentially amplifies not only quantum fluctuations, but also initial inhomogeneities. As a result, to solve the homogeneity problem in this scenario, one would need the branes to be parallel to each other with an accuracy better than 10 −30 on a scale 10 30 times greater than the distance between the branes. Thus, at present, inflation remains the only robust mechanism that produces density perturbations with a flat spectrum and simultaneously solves the homogeneity problem.
Introduction
After 15 years of development of string theory and M-theory we are still faced with the challenging problem of constructing a consistent and realistic stringy cosmology. An interesting step in this direction has recently been made by Khoury, Ovrut, Steinhardt and Turok, who suggest a threebrane cosmological model and argued that it may resolve all major cosmological problems without any use of inflation [1] . Their model was called the ekpyrotic universe, from the Greek-derived word ekpyrosis.
The basic idea of this scenario is that initially the universe was in a nearly BPS state consisting of two parallel branes, and that we live on the brane with negative tension. Then the brane with positive tension splits into two positive tension branes, one of which (bulk brane) starts moving towards our brane. The big bang corresponds to the moment when the bulk brane hits our brane; the collision makes the universe hot. It was argued that the flatness of the branes in the nearly BPS state solves the homogeneity and flatness problems, whereas quantum fluctuations of the bulk brane result in the large-scale density perturbations on our brane when these branes collide. In this paper we re-examine some of the basic premises of this model. We will try to verify whether it follows from string theory and whether it indeed can solve all major cosmological problems without the help of inflation. In this sense, our paper will be devoted to an epicrisis of ekpyrosis.
1
One of the central points of this scenario inspired by Hoȓava-Witten theory [2] is that we live on a negative tension brane. In this case, the warp factor decreases towards the visible brane. The authors repeatedly emphasized that this condition is very important for their scenario and argued that it results in a distinguishing feature of their model: a blue spectrum of density perturbations.
2
In Section 3 we will show, however, that the tension of the visible brane in Hoȓava-Witten theory and in five-dimensional heterotic M-theory is positive. To improve the ekpyrotic scenario one would need to change the sign of the brane tension. In this case the warp factor increases towards the visible brane. This changes the shape of the spectrum of density perturbations from blue to red. However, one cannot simply flip the sign of the tension in the model leaving all other parameters intact because it would introduce a singularity between the branes. One needs to change other parameters of the model as well. We will call the improved scenario pyrotechnic to emphasize its relation to the ekpyrotic scenario, but also to indicate that it remains vulnerable to other problems to be discussed below.
At the first glance, the theory of the generation of density perturbations in the ekpyrotic scenario seems very complex and brane-specific, as indicated by the statement of [1] that this mechanism requires the warp factor to decrease towards the visible brane. However, in Section 4 we show that the theory of the generation of density perturbations used in [1] is in fact a limiting case of the theory of tachyonic preheating recently developed in [3] . The theory of this effect is very simple. It works for branes in 5d as well as for the usual scalar field in 4d due to the exponential growth of long wavelength fluctuations in theories with concave effective potentials (V ′′ < 0). The spectrum of perturbations may be flat, but it may also be red or blue, depending on the choice of the potential. Power-law potentials typically are unacceptable. One should make the very special choice of a nearly exponential potential to produce a cosmologically acceptable spectrum. To make this mechanism realistic, one must solve the problem of the negative cosmological constant on the visible brane and fine-tune the value of the bulk brane potential with an accuracy of 10 −50 . If one does not perform this fine-tuning, the standard inflationary mechanism for the generation of density perturbations turns on, and the model becomes very similar to the model of brane inflation proposed by Dvali and Tye [4] .
If, however, one makes this fine-tuning, and the tachyonic mechanism for the generation of density perturbations begins to work, then it exponentially amplifies not only quantum fluctuations but also initial inhomogeneities. As a result, to solve the homogeneity problem in this scenario one would need the branes to be parallel to each other with an accuracy better than 10 −30 on a scale 10 30 times greater than the distance between the branes, see Section 5. Since the initial state is not really a true BPS state but rather some unstable and evolving configuration, we do not see any reason why our universe must be so incredibly homogeneous from the very beginning. Thus we believe that at present inflation remains the only mechanism that produces density perturbations with a flat spectrum and simultaneously solves the homogeneity problem.
General setup for ekpyrotic universe
The ekpyrotic scenario consists of many parts related to the M-theory and cosmology. M-theory issues-including the sign of the tensions of the visible and hidden brane and the BPS nature of the 3 brane solution-will be discussed in Sec. 3. For the cosmologist, the end result of the story from M-theory as presented in [1] is the following:
There is a static three brane solution for the space-time metric and the dilaton e φ (volume of the Calabi-Yau space) given by
where A, B, C, N are constants and C > 0. The boundary branes are located at y = 0 and y = R, and the bulk brane is located at y = Y , where 0 ≤ Y ≤ R. The tension of the visible brane at y = 0 is −α and is negative. The tension of the bulk brane β is positive and the tension of the hidden brane at y = R is positive and equals α − β. One assumes that β ≪ α, so the bulk brane is relatively light. The visible brane at y = 0 lies in the region of smaller volume while y = R lies in the region of larger volume. Indeed, D(0) = C and D(R) = C + αR and α is positive, so D(0) < D(R). This property is considered one of the most important features of the scenario.
The light bulk brane may either appear spontaneously from the hidden brane or it may also exist from the very beginning, i.e. one starts with two boundary branes and one bulk brane. The three brane configuration is assumed to be in a nearly BPS state. It is argued that the universe must be homogeneous because the BPS brane configuration is homogeneous. The bulk brane has a kinetic term and a potential, which for a "successful example" is chosen to be
Additionally it is assumed that at small Y the potential suddenly becomes zero due to some nonperturbative effects.
Due to the slight contraction of the scale factor on the bulk brane, the bulk brane carries some residual kinetic energy immediately before the collision with the visible brane. After the collision, this residual kinetic energy transforms into radiation which will be deposited in the three dimensional space of the visible brane. The visible brane, now filled with hot radiation, expands as a flat FRW universe. However, the temperature is not high enough to trigger phase transitions in GUTs and produce primordial monopoles. Quantum fluctuations of the position of the bulk brane generated during its motion from Y = R to Y = 0 will result in density fluctuations with a nearly flat spectrum. The spectrum will have a slightly blue tilt for the exponential potential V (Y ).
The set of parameters used in [1] 
−10 , m = 1, and M 5 = 10 −2 M pl . A sketch of the model is given in Fig. 1 .
The total setup is rather complicated, but the final picture allows for a dramatic simplification. Indeed, let us look first at the behavior of the factor D(Y ), which determines the metric in (1), during the whole process of motion of the bulk brane towards the visible brane. The motion begins at
and ends at Y = 0. During this process D(Y ) changes from 350 to 100, which is not that much. A more complicated analysis performed in [1] shows that the scale factors on all branes also do not change much. This suggests that the expansion of the universe and other complicated gravitational effects cannot be of any relevance to the possibility to solve major cosmological problems and to the basic mechanism of the generation of density perturbations. On the other hand, the authors of Ref. [1] emphasized that the decrease of D(Y ) towards the brane is crucially important and used the notion of the effective scale factor a eff to explain the mechanism of production of density perturbations.
In this paper we will attempt to analyse this situation, starting from the M-theory part, and ending with a discussion of the cosmological density perturbations and homogeneity problem.
3
Supersymmetry and hidden-visible branes
Here we consider the specific construction of [1] which starts with the solution of two boundary branes with almost opposite tensions and a bulk brane in between. We will explain the reason why the status of unbroken supersymmetry (BPS property) of this solution is problematic.
An effective five-dimensional action of heterotic M-theory is given in the form:
Here φ the is the modulus of the Calabi-Yau (CY) threefold and A γδǫζ is a 4-form gauge field. According to [1] , the left brane is the visible one and it is assigned a negative tension −α = α 3 , the bulk brane has positive tension β = α 2 and the hidden brane has a positive tension α − β = α 1 .
This action with three branes was not derived from supersymmetric theory. The action with two branes which was derived in [6, 7] from Hoȓava-Witten (HW) theory, does not have a 4-form A γδǫζ , either in the bulk or on the branes. The appearance and the role of the 4-form gauge field in the five-dimensional supersymmetric bulk & brane action was explained in [8] , but not in the context of HW theory. Moreover, in [1] the action on the brane is called a bulk M5-brane. However, it has (0 + 3) world-volume coordinates which one usually qualifies as a 3-brane. The M5-brane of 11d M-theory on the other hand has on its (0+5)-dimensional world-volume a 5-form gauge field. It may be that this 3 brane is an M5 brane wrapped on a 2-cycle in the CY but, if so, its origin is not clear here.
The status of unbroken supersymmetry of the solution with two boundary branes without a bulk brane may be inferred from an action in [6] and [7] . However when the bulk brane is present in addition to boundary branes the issue of unbroken supersymmetry and the BPS nature of the state is not clear. The bulk & brane construction of [8, 9] (and HW theory) allows one to prove clearly the unbroken supersymmetry only for the positive and negative tension branes placed at the fixed point of the orbifold
Let us compare the ekpyrotic construction with HW theory. At the time when HW theory was suggested the issue of brane tension was not emphasized. More recently in the RandallSundrum I scenario [10] the positive and negative tension branes were given the names, 'hidden' and 'visible' brane, respectively. In this version the hidden brane was at the left, at y = 0, and the visible brane at the right, at y = πr c . The 'visible' brane, called sometimes the "TeV brane", was designed to provide a solution of the hierarchy problem due to the fact that the warp factor decreases exponentially towards the 'visible' brane. In RS II [11] a dramatic change of the setup was made as the labels of 'hidden' and 'visible' branes were reversed. The former 'visible' became hidden, the former 'hidden' become visible and it was suggested to send the negative tension hidden brane out of the world.
With all this in mind we will consider the known facts about HW and heterotic M-theory which will give us the tension of these branes in agreement with supersymmetry. In [12] an argument was given by Witten that the volume of the CY space e φ = V at the visible brane at y = 0 is larger than that at the hidden brane at y = R:
This fact was shown to follow from supersymmetry [12] . On the other hand, in [1] the opposite relation is claimed to be true:
Since the importance of the inequality V (0) < V (R) is a leitmotiv of the ekpyrotic cosmology which is repeatedly emphasized in different sections of [1] , it is important to find out how these two opposite inequalities were derived and which one is true in string theory.
To understand this we will look at the heterotic M-theory in [7] in the simplest case of only one moduli, the volume of the CY manifold. The action (3.6) in [7] , where the brane actions were derived from HW theory, has a tension of the visible brane given by −α vis , where (we ignore here some irrelevant positive constants)
see for example eq. (3.13) in [7] . Here the integration is over a supersymmetric cycle of the CY manifold, and R is the curvature form of the internal manifold. The integer n characterizes the first Pontrjagin class of CY. Thus the tension of the visible brane, according to (6) , is positive. Let us present here a few important steps of the derivation of the tension formula which will leave no doubts that the tension of the visible E 6 brane is positive and not vice versa. The tension on each brane, according to [7] , is proportional to
So far the visible and hidden brane are treated on an equal footing. The difference is in spin embedding in which only the visible brane participates. On the visible brane a standard spin connection embedding was performed so that the background is
which implies that tr(
The E 8 gauge theory on the visible brane was broken to its subgroup SU(3) × E 6 and after spin embedding on the visible brane there are E 6 gauge field excitations and on the hidden brane there are E 8 gauge field excitations. On the visible brane, where spin embedding takes place and trF vis ∧ F vis = trR ∧ R, we have
on the hidden one with F hid = 0 the tension is
This confirms eq. (6) and explains how the visible brane in HW theory acquires a positive tension.
The domain wall BPS solution for two branes at y = 0 and at y = R with positive and negative tensions presented in [7] does not explicitly specify the sign of the tensions. The volume of the CY space is given by a harmonic function (in the notation of [1] ), which is
and the space-time metric is (we consider here for simplicity the case that the bulk brane is coincident with the hidden wall, i.e. Y = R)
and A, B, C, N and Y are some constants. In [7] it is clear that C > 0, but the sign of α is not discussed. If it were noticed in [7] that α in this equation is negative 3 one would be forced to rewrite the harmonic function as follows:
and comment on the existence of the critical distance between walls
This would prompt a requirement that the second wall has to cut off the singularity of the space time-metric whenD = 0 and therefore
Precisely this situation occurs in many cases of supersymmetric domain walls in [8, 9] where always the warp factor falls down away from the visible positive tension brane and one has to take care of the maximal distance between the walls.
The sign of α was not really important for [7] but in the context of ref. [1] it became one of the central points of the of the ekpyrotic cosmology: y = 0 lies in the region of smaller volume while y = R lies in the region of larger volume, which is opposite to the correct behavior of the CY volume.
Meanwhile, in Witten's early analysis in [12] even before the full 5d supergravity solution of [7] was known, it was anticipated that since C is positive and α is negative due to supersymmetry, the second wall at y = R cannot be placed too far from the first one. The formula for the critical distance between walls is actually presented there, see eq. (2.40) in [12] , which confirms our assignment of the positive tension to the visible wall.
Coming back to ekpyrotic cosmology, we now look at their expression for D(y) where C = 100, α = 250M 5 . If we simply change the sign of α and take α = −250M 5 we will find that the singularity of the metric appears between the walls at y = 0 and at
A quick fix of this problem is possible: one can change the parameters, e.g. by making C larger or |α| smaller so that y crit = C |α| > R and the naked singularity at y crit is cut off by the hidden wall.
In what follows we will call the improved model the 'pyrotechnic universe,' see Fig. 2 , where a sketch of the properties of the model is given. 4 A new mechanism for the generation of density perturbations with any kind of spectrum. . . and why it might not work
A simple 4d example
In this section we will consider the mechanism for the generation of density perturbations in the ekpyrotic and pyrotechnic scenarios. Instead of considering a complicated setting with three branes moving in an expanding five-dimensional universe, let us first consider a simple problem of motion of a scalar field falling down from the top of the effective potential V (φ) with V ′′ < 0 in four-dimensional Minkowski space. As we will see, these two problems are directly related to each other.
In what follows we will consider two particular examples:
with n > 2; M is some constant of dimension of mass. In general, one needs to add to these potentials some other terms that stabilize the motion of the scalar field after it falls down and ensure that the effective potential vanishes at its minimum. We will return to this important point later.
In both cases the curvature of the potential is negative, V ′′ (φ) < 0, and its absolute value grows when the field falls down to smaller values of V (φ). Conservation of energy implies thaṫ
where E is some constant. We will assume for simplicity that the field was falling from the top of the potential with vanishing initial energy, E = 0, so that
Quantum fluctuations of the scalar field δφ k (t)e i k· x living in a background of a homogeneous field φ(t) satisfy the equationδ
where m 2 (φ) = V ′′ (φ). If V ′′ < 0 the modes with k 2 < V ′′ (φ) do not oscillate. Instead, they grow exponentially. For example, if V ′′ = −m 2 = const, one has δφ k grows as exp √ m 2 − k 2 t. The initial amplitude of the growing modes depends on the initial conditions. Since the initial curvature of the potential is very small, one may assume that the initial amplitude of fluctuations is the same as in the theory of a massless scalar field, so that δφ 2 = dk 2 8π 2 . Ignoring the coefficients 2 and π, one may say that the average amplitude of fluctuations with momenta ∼ k is proportional to k: δφ(k) ∼ k. (This is analogous to the famous relation δφ(k) ∼ H/2π during inflation.) At large t this amplitude grows as δφ(k) ∼ k exp √ m 2 − k 2 t. Exponential growth of δφ(k) can be interpreted as generation of a classical field δφ(k). This is the basic feature of the theory of tachyonic preheating developed recently in [3] in a different context.
In the models such as V = −V 0 e −φ/M and V = −λ n φ n /M n−4 with n > 2, the curvature of the effective potential grows while the field falls down from the top of the potential. Therefore, in the beginning only the modes with extremely small k are growing exponentially, whereas short wavelength perturbations with k > |V ′′ | are oscillating with a nearly constant amplitude.
However, when the field φ grows, the value of |V ′′ | grows too, and new modes with momenta k < |V ′′ | stop their oscillations and start growing, with the initial amplitude δφ(k) ∼ k ∼ |V ′′ (φ)| [3] .
These fluctuations change the local value of the field φ and therefore they lead to a delay of the moment when the field φ rolls down to some value φ 0 , which corresponds to the minimum of V (φ) where the process of reheating begins (or to the brane collision in the five-dimensional setting if φ is identified with the modulus Y ). A detailed discussion of the process of the growth of fluctuations will be given in the Appendix. Here we will give a simple shortcut to the answer.
To calculate the delay of reheating produced by these fluctuations one should divide δφ by |φ|. This can be done at any time after δφ k stops oscillating; because, for small k the equations for δφ and |φ| coincide, so their ratio remains constant. Suppose that we transplant this picture into an expanding universe with the value of the Hubble constant H induced by the field φ. Then for the wavelength λ ∼ k −1 greater than the size of the horizon, the time delay δt k , according to [13] , results in adiabatic density perturbations
The numerical coefficient in these equations depends on various details such as the equation of state of the universe, but typically it is of order unity, so we will omit it in what follows.
For the exponential potential V = −V 0 e −φ/M one finds density perturbations
Note that this amplitude does not depend on k, i.e. these perturbations have a flat spectrum, n s = 1, like in inflation, but without any inflation! To obtain this result we did not need any brane physics or string theory, it is a trivial consequence of the tachyonic instability.
For the power-law potential V = −λ n φ n /M n−4 we find
or, in terms of k ∼ V ′′ (φ),
The spectral index is given by
We see that the spectrum in the class of power-law potentials is always red, n s < 1. For instance, for n = 3, 4, 5 we have n s = −3, −1, −1/3, respectively. All of these spectra are observationally unacceptable (too red). To have |n s − 1| ∼ < 0.1, as suggested by cosmological observations [14] , we must have n ∼ > 40. Thus, one should make the very special choice of a nearly exponential potential to produce a cosmologically acceptable spectrum.
It is clear that the "color" of the spectrum depends on the way |V ′′ (φ)| behaves with respect to |V (φ)| when the field φ rolls down to the minimum of V (φ). For example, the potential V = −V 0 e −φ 2 /M 2 would lead to a blue spectrum of density perturbations, decreasing as log 1/2 k at small k.
The same mechanism in 5d brane cosmology
The reason we discussed this mechanism here is that it provides a simple interpretation and generalization of the mechanism of production of density perturbations in the ekpyrotic and pyrotechnic scenarios [1] . The discussion of this effect in [1] is very involved because the authors were trying to follow simultaneously the expansion of the universe, motion of all three branes and perturbations of the bulk brane. At first glance it seems to be an extremely complicated gravitational problem. To treat it properly the authors introduced the effective scale factor which was not a real scale factor but in fact something very much different, and as a result the physical meaning of this effect became rather difficult to analyse.
However, the motion of all branes and the total change of metric during the whole duration of the process of motion of the bulk brane towards the visible brane is rather insignificant. As we will see, in order to understand the mechanism for the generation of density perturbations in the first approximation, one can completely neglect expansion of the universe. In this case, the equation of motion for the brane at a distance Y (x) from the visible brane is completely analogous to the equation for the scalar field discussed above, and it becomes clear that the mechanism of generation of density perturbation in the ekpyrotic scenario is exactly equivalent to the effect of tachyonic instability described in the previous subsection.
Indeed, density perturbations discussed in [1] are produced due to the fluctuations of the bulk brane. According to [1] , the effective Lagrangian of the brane in the lowest approximation in β α is given by Returning to the amplitude of fluctuations of Y , one finds
Dividing this result byẎ = D −1 |V (Y )| one finds the time delay
For the exponential potential V (Y ) = −ve −αmY one has
and the time delay δt(k) ∼ mα βM n one would get an unacceptably red spectrum unless n > 40. The red tilt introduced by the growth of D(Y ) at small Y implies that n must be even greater. In this respect the ekpyrotic/pyrotechnic scenario is much less robust than the inflationary universe scenario where the spectrum is nearly flat for almost all inflationary models.
Is this a realistic mechanism?
It could seem that now we have a new realistic mechanism for the generation of density perturbations, which does not require inflation, and which can produce perturbations with any spectrum we like, depending on the choice of V (φ) or V (Y ). As we have seen, there is nothing brane-specific in this mechanism. Explanation of this mechanism required nothing but two simple equations, (21) and (22) . So why did we not use this mechanism before if it is so trivial? Is there a catch?
There are two different problems related to it. First of all, we needed to assume that the universe was flat and homogeneous from the very beginning. Of course, one may argue that our universe initially must be flat and homogeneous for some reason to be discovered later. This was the ideology of the models of structure formation due to topological defects or textures, which sometimes were advertised as the models that "match the explanatory triumphs of inflation while rectifying its major failings" [15] . In our opinion, if we find that inflationary theory does not work, we may use such models as a "plan B," but we will definitely loose a lot by doing so.
A more serious problem is that in our discussion of fluctuations in 4d we neglected expansion of the universe induced by the effective potential (i.e. the term 3Hδφ k in eq. (20)). Therefore, our results apply only for the short wavelength fluctuations with k 2 ∼ V ′′ > H 2 , where H is the Hubble constant. This means that all perturbations that are correctly described by this method must have wavelength k −1 smaller than H −1 . Thus, these perturbations are of no interest for the theory of the large-scale structure formation unless one makes some trick to make H exponentially small during the process of generation of the perturbations. This does not mean that no perturbations are produced with wavelength larger than H −1 . At the stage when V ′′ ≪ H 2 , the universe experiences inflation, so we get usual inflationary perturbations. A good thing about it is that such perturbations have a flat spectrum for a much broader range of potentials such as −φ n with n < 40, as well as with n > 40. Thus we are back to inflationary theory.
Nevertheless, if our goal is to avoid using anything inflationary, we may still try to do so. For example, we can avoid any gravitational backreaction if we assume that the effective potential vanishes near its maximum, so that it does not induce any Hubble constant during the first part of the process. This was exactly the assumption made in [1] . They considered the potential V (Y ) = −v exp(−αmR) which nearly vanishes at Y = R. Therefore, the Hubble constant initially also vanishes, and the new mechanism for the generation of density perturbations works. However, the price one may pay for it is that after the field φ (or Y (x)) rolls down to the minimum of the effective potential and the energy of its oscillations dissipates, the effective potential remains large and negative, and we may find ourselves in a universe with a large negative cosmological constant. The authors of [1] are aware of this problem but argue that it can be somehow resolved, assuming that V (Y ) may suddenly rise to zero at Y = 0 due to some nonperturbative effects. Until this problem is resolved, the existence of a novel realistic mechanism for the generation of density perturbations with a flat spectrum remains an interesting but speculative possibility.
Of course this issue would not arise if we assume that initially V (Y ) is positive, and then eventually the bulk brane falls to Y = 0 with V (Y ) = 0. But in this case initially we will have inflation, which will produce inflationary perturbations with flat spectrum. Thus, having inflation as a part of brane cosmology may not be a bad idea after all.
Let us check how easy it would be to avoid inflation while still producing density perturbations with a flat spectrum on a scale comparable to the observable part of the universe, l ∼ 10 28 cm. At the beginning of the Big Bang (brane collision) our part of the universe was smaller by a factor of T /T 0 , where T ∼ 10 11 GeV in the reheating temperature in the ekpyrotic scenario [1] and T 0 is the present temperature ∼ 3K. This ratio is about 10 24 . This means that the wavelength of the perturbations we are discussing was k To produce perturbations on this scale by the tachyonic instability rather than due to inflation one needs to have H < k 0 . According to Eq. (20) 
. The authors of [1] have chosen V (R) to be nearly zero, V (R) = −v exp(−αmR) ∼ −10
−65 whereas at small Y one has V (Y ) ∼ −10 −10 . This potential has not been really derived from any fundamental theory, and, as it was argued in [4] , where a similar scenario was developed as a basis for inflationary theory, this potential may contain many other terms of different nature.
One of the problems with this potential becomes obvious if one tries to assume that the bulk brane initially did not move,Ẏ = 0, which looks like a very natural assumption. Then the equation
) becomes inconsistent for negative V . This is an indication that either the bulk brane has a more complicated geometry, like an open universe created by tunneling, or one should add some positive term to V (Y ). So let us see whether anything will change if we add to it a very small positive constant V Λ such that |V (R)| ≪ V Λ ≪ |v|.
In such a case, the later stages of the bulk brane motion will not change at all, but in the beginning of its evolution it will experience inflation with H 2 > 10 −14 M 2 5 V Λ . This will be similar in spirit to the Dvali-Tye scenario [4] . Inflation will induce the usual inflationary perturbations with flat spectrum on a scale k 0 ∼ 10 −32 M 5 unless one fine-tunes V Λ to be incredibly small,
To summarize, if one wants to use a tachyonic instability to produce density perturbations with a flat spectrum, one must fine-tune the functional form of the potential. For example, one should avoid such potentials as −φ n with n < 40. Then one must solve the problem of the negative cosmological constant at the end of the process and fine-tune the value of V (Y ) near the hidden brane with accuracy 10 −50 in the natural units of M 5 . This last step should be made with only the purpose of avoiding the use of a much more robust method of generation of density perturbations readily provided by inflation.
Homogeneity
Now let us see whether this scenario can solve the homogeneity problem. Of course, one may assume that the universe from the very beginning was entirely homogeneous. The idea is that our universe starts its evolution in a BPS state, which is a completely stable lowest energy state containing two homogeneous branes.
Here we have several important issues at once. First of all, one may indeed expect that the universe after a long and violent evolution ends up in a ground state. Thus, one could argue that the final state of the universe, rather than its initial state, could be a BPS state. But is it possible to start with the universe being in a ground state? Is it possible that a ground state of a theory decays? A decaying state cannot be a true ground state.
Essentially we have two different options. The first one is that the universe appeared from an initial singularity or was created "from nothing," then it experienced a period of expansion, cooling down, and eventually reached its ground state. Here, there is no obvious reason to expect that it begins in a ground state.
Another option is that we are in a self-reproducing false vacuum state. There is no initial singularity, and there is an ongoing repetitive process of creation of new parts of the universe. The first semi-realistic version of this idea was proposed in [17, 18] in the context of the eternal new inflation scenario. However, it was immediately realized that this idea will not work and the universe in the new inflation scenario must have a beginning because of geodesic incompleteness of an expanding de Sitter universe [19] , see also [20] . A similar conclusion may not be valid for chaotic inflation [21] , so it remains to be seen whether eternal inflation in the simplest versions of the chaotic inflation scenario [22] requires any beginning.
However, in the ekpyrotic scenario there is no inflation, by design, and no self-reproduction. The properties of the BPS state (the tension of the branes) change each time a new bulk brane is born. Thus, it is not a stationary process, so one cannot avoid the question of the initial conditions that could create the two-or three-brane near-BPS state. In such a case, the required homogeneity of the two-or three-brane universe should be explained rather than postulated. The initial homogeneity of the two-or three-brane configuration postulated in the ekpyrotic scenario is not a solution of the problem but rather a problem to be solved.
Of course, it may happen that an approximate homogeneity on a very small scale is all we need. This is the case in the simplest versions of chaotic inflation where an approximate homogeneity on the Planck scale is the only condition required to trigger an eternal chain reaction of selfreproduction of the inflationary universe [22] . Let us see whether an approximate homogeneity on small scales is good enough for the consistency of the ekpyrotic scenario.
Suppose that initially the position of the bulk brane was slightly perturbed, so that it was equal to Y (0) + ∆Y (x), with Y (0) ≈ R. For simplicity one may assume that this perturbation can be represented by a sinusoidal wave ∆Y (k) sin kx. Then we immediately see a possible problem: A very small classical inhomogeneity ∆Y (x) of the initial position of the bulk brane can be exponentially enhanced by the tachyonic instability, which may lead to a strong inhomogeneity of the visible brane upon collision. In other words, the same mechanism that produces large scale classical perturbations from small quantum fluctuations may greatly amplify small initial inhomogeneities of the position of the bulk brane. If the amplitude of the classical perturbations ∆Y (k) is greater than the average amplitude of quantum fluctuations δY (k), we will see unacceptably large irregularities in the CMB spectrum. To avoid this problem we must require that the classical perturbations of the bulk brane position ∆Y (k) are smaller than the quantum perturbations δY (k) for all wavelengths that we can presently observe.
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To evaluate the significance of this effect we will estimate the initial amplitude of quantum fluctuations δY (k) on the scale corresponding to our present horizon, l 0 ∼ 10 28 cm. As we have shown in the previous section, at the moment of the brane collision such perturbations had momentum k 0 ∼ 10 −17 GeV ∼ 10 −32 M 5 . The corresponding length scale k 4 One may even argue that the requirement that classical perturbations must be smaller than the quantum ones means that strictly speaking there are no classical perturbations at all. Indeed, perturbations can be called classical only if the corresponding occupation numbers n k for particles with momenta k are much greater than 1. But then the amplitude of such perturbations would become greater than the amplitude of quantum fluctuations by a factor of √ 2n k + 1 [16] , which is incompatible with the condition ∆Y (k) < δY (k). In this sense one may say that to avoid large CMB anisotropy one should not have any large-scale classical perturbations of the bulk brane: We must start with an ideally flat brane.
Eq. (27) gives the following expression for the average amplitude of quantum fluctuations δY (k 0 ): one finds that in order to avoid unacceptably large density perturbations and CMB anisotropy in the observable part of the universe one must have the branes positioned exactly parallel to each other with accuracy
on the macroscopically large scale k −1 0 ∼ 10 4 cm, which is 32 orders of magnitude greater than the distance between the branes.
5 This incredible fine-tuning cannot be considered a solution of the homogeneity problem.
Conclusions
In this paper we were trying to evaluate the claims that the recently proposed ekpyrotic scenario is fully motivated by string theory and resolves all major cosmological problems without using inflation. These are very serious claims since so far all attempts to replace inflation by an equally valid paradigm were unsuccessful.
In our opinion, this new attempt is not an exception. We have found that the ekpyrotic scenario is not entirely string motivated and must be modified. In particular, to obtain this scenario from the Hoȓava-Witten model one must change the signs of the brane tensions, which entails many other changes in the parameters and properties of the model. Many other features of this model are equally questionable. Is it really possible for BPS states to decay? What is the origin of the potential V (Y ) and does it really vanish on visible brane if it does not vanish on the hidden brane? Does the bulk brane have flat geometry? What exactly happens when the branes collide? If the bulk brane brings too much non-expanding matter to our world, it may collapse rather than expand. If it brings rapidly expanding matter with low density, is it feasible that our universe will become open rather than flat? Is the whole setup internally consistent? To study this problem one would need to use the Israel junction conditions for the extrinsic curvature K µ ν for the colliding branes embedded into 5d bulk. Usually the hypersurface Σ in the junction conditions is a time-like hypersurface. In this model we have to consider a space-like hypersurface t 0 , where the four-dimensional brane energy momentum tensor T . Therefore the extrinsic curvature (embedding) of the visible brane also will have a jump at t 0 . All of this shows that cosmology at the visible brane after the collision may be more complicated than what one may naively expect.
All of these questions are very non-trivial. Our experience with brane cosmology tells us that it is often dangerous to make approximations which at the first glance seem very natural. For example, we have found that if one takes the two-brane Randall-Sundrum model and adds there a scalar field in order to achieve brane stabilization without changing the brane tension, as in the Goldberger-Wise scenario [23] , the branes become exponentially expanding [24] . To avoid this expansion one must adjust the brane tensions in a specific fine-tuned way [25] . We suspect that a similar adjustment may be necessary in the ekpyrotic/pyrotechnic scenario as well.
But the main problem is related to the claims that the ekpyrotic scenario provides us with a new non-inflationary brane-specific mechanism of generation of density perturbations with nearly flat spectrum, and that it also provides a solution to the homogeneity, horizon and flatness problems. In this paper we have shown that there is nothing brane-specific in the ekpyrotic mechanism of production of density perturbation. One must consider a narrow subclass of potentials with V ′′ < 0 that would lead to inflation if their maxima would correspond to V > 0. Then if one wants to avoid inflation one must fine-tune the height of the maximum with accuracy about 10 −50 . Finally, one must ensure that with this setting we do not wind up in AdS universe with large negative cosmological constant.
It is ironic that if this goal is achieved, we will unleash a mechanism of tachyonic instability which will exponentially amplify not only quantum fluctuations, but also initial inhomogeneities.
To understand the nature of the problem one may compare this scenario with inflation. Consider, for example, a potential with
Therefore the exponential tachyonic instability, which is controlled by |V ′′ | (and dampened by inflation) develops much more slowly than the exponential stretching of the universe controlled by H: δφ ∼ exp
t , whereas a ∼ exp(Ht). As a result, all perturbations which could exist prior to inflation are stretched away. This combination of two instabilities dominated by expansion is a unique and very important property of inflation.
Meanwhile in the ekpyrotic scenario the only instability is the tachyonic one. If it is powerful enough to produce classical perturbations out of quantum fluctuations, it is equally powerful in making small classical perturbations exponentially large. To see CMB anisotropy generated by quantum fluctuations but not by initial inhomogeneities, the initial inhomogeneities must be below the level of quantum noise.
Thus, inflation removes all previously existing inhomogeneities, whereas in the ekpyrotic scenario even very small initial inhomogeneities become exponentially large. Therefore instead of resolving the homogeneity problem, it makes this problem much worse.
This demonstrates once again how difficult it is to construct a consistent cosmological theory without using inflation.
Remarkably, this is precisely the same result as derived in Section IV by elementary methods. We see that the spectrum in the class of the power-law potentials is always red, n s < 1.
In the limit n → ∞, which can be considered as a shortcut answer for the exponential potential, one may expect the flat spectrum, n s = 1. Indeed, let us consider this very specific potential V = −V 0 e −φ/M , which plays a special role in the ekpyrotic scenario. We shall consider the evolution of quantum fluctuations at the time when the field φ rolls from the top of the potential (i.e. from large φ) to φ = 0. For the temporal part of the eigenmode function δφ k (t) we haveδ
Assuming that the initial energy of background field is vanishingly small, we find
Here φ(t 0 ) = 0, and the time t flows from −∞ to t 0 as the field φ rolls from the top of the potential (large φ) to φ = 0. It is convenient to choose
, then e −φ/M = 
A solution corresponding to the positive-frequency initial vacuum fluctuations in given in terms of the Hankel function δφ k (t) = N 1 t 1/2 H
3/2 (k|t|) ,
where H
3/2 (z) = − 
Cosmological fluctuations would have a flat spectrum with the amplitude
The spectrum of density fluctuations will be exactly flat, n s = 1.
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x Y R 0 n e g a ti v e te n si o n v is ib le b ra n e δ k hi dd en br an e po si tiv e te ns io n m ov in g bu lk (i ns ta nt on ) br an e expansion Figure 1 : Sketch of the ekpyrotic scenario. We live on a brane with negative energy density. The Big Bang occurs when the bulk brane hits our brane. The bulk brane has potential energy V (Y ) which is postulated to have a very specific form: it is negative everywhere except on our brane, and its absolute value decreases exponentially at large Y . An important feature of this scenario is that the volume of space-controlled by the metric D(Y )-decreases near our brane, which makes the spectrum of perturbations blue. Figure 2 : Sketch of the pyrotechnic scenario. We live on a brane with positive energy density. The volume of space controlled by the metric D(Y ) decreases near our brane, which gives a red tilt to the spectrum of perturbations. The mechanism for the generation of fluctuations δY k in this scenario, as well as in the ekpyrotic scenario, amplifies all inhomogeneities, including classical inhomogeneities ∆Y of the bulk brane.
